Topology-based or Gō-type potentials have been shown to be very useful in the understanding of the relations between the structure of the native state of a protein and some of its folding characteristics. A different question is whether they can also make such a contribution when the aggregation process of misfolded or partially folded structures is under study. In this work, in spite of the obvious trend of these simulation models toward the native state, we show that there are some aspects about aggregation that can be addressed by topology-based potentials: the role of the thermodynamic characteristics of the transition on preventing the aggregation process, or the larger propensity of highly symmetric protein structures to form domain swapped dimers. In a second part of this work, we use the possibilities of computer simulation as a design of numerical experiments to analyze the fundamental role of intermediate states in the aggregation process of globular proteins.
I. INTRODUCTION
When addressing the protein folding problem, topologybased potentials ͑also known as Gō-type potentials͒ deserve particular attention. These potentials basically consist in defining an attractive interaction between those pairs of residues of a protein which are forming a contact in the native state. 1 The native structure, thus, has to be known in advance. This type of interaction, initially developed by Gō and collaborators in lattice models, [1] [2] [3] defines minimally frustrated systems for the energy of the folded state, 4 and have been extensively used in protein folding studies. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These works have proven that topology-based potentials are useful to study protein folding pathways 3, 10, 12, 14, 19 as well as folding intermediates. 7, 8 The success of these potentials can be explained by the fact that folding seems to be a minimally frustrated process for many proteins, but not all ͑for example, proteins that fold via intermediates that are not nativelike͒. One of the aims of the present work is to determine to which extent Gō-type potentials are also applicable in the search for answers about protein aggregation.
Protein aggregation is an undesirable misfolding process. 20 It causes great inconvenience in protein production, manufacture and storage, [21] [22] [23] and has been related to some degenerative diseases such as Alzheimer or Parkinson. 20, 24 The conditions inside a cell, such as a high protein concentration and the presence of other molecules that produce an additional increase in the effective concentration, may not always be the most appropriate for a single protein folding process. 25 However, there are some mechanisms in the cell to avoid protein aggregation, such as the presence of chaperons, which are proteins that promote other proteins' folding. 26 In addition, a two-state folding transition, with only the folded and the unfolded states of a polypeptide chain significantly populated at the transition temperature, has been also proposed to be an effective mechanism to thermodynamically prevent aggregation. [27] [28] [29] [30] It is widely accepted that the aggregation process of proteins is preceded by the presence of a folding intermediate. 29, [31] [32] [33] [34] [35] [36] [37] Thermodynamically, a two-state transition is characterized by a freeenergy profile at the transition temperature with two minima and a barrier between them. Because of this, when a protein folds in a two-state manner, the population of intermediate states between the native and the unfolded state is negligible. This extremely low population of intermediate states causes protein aggregation to become a very improbable process, what would imply that aggregation and two-state folding are competing processes 27 ͑at least, at dilute or moderate concentrations͒. It has been also proposed that ultrafast folding may be an effective way to avoid protein aggregation as well, for kinetic reasons in this case. This ultrafast folding has been associated with the so called downhill folding. [38] [39] [40] [41] [42] A downhill process is thermodynamically characterized by a freeenergy profile with a single minimum that moves from low to high energy values as the temperature increases. For this type of process, at the folding temperature the population of intermediate states is very high. However, as there is no freeenergy barrier, the folding process is so fast that the average lifetime for these states is too low for them to get stabilized through interactions with one another. When studying the aggregation process, it is in principle reasonable to think that the same interactions that stabilize the native sate would also take place between different molecules. This would imply that aggregation may be also a minimally frustrated process for at least some a͒ proteins. 27, 34, 43, 44 It has been suggested that the topology of the native structure determines, to some degree, which amino acids are significant for aggregation to take place. 45 However, structural studies of aggregates have reported that all aggregates related to protein misfolding diseases have a similar structure, which includes a significant proportion of ␤-structure, 46, 47 forming the so called amyloid fibrils. Furthermore, there is strong evidence that all proteins have an inherent propensity to form this type of aggregates at high concentrations, 29, 35, 48 disregarding the specific sequence or structure. These results support the theory that aggregation is produced by the generic interactions common to all proteins, something difficult to capture with topology-based interaction models. However, topology-based potentials have been successfully applied to study some effects of crowding and confinement on the folding process of a protein. 49 Furthermore, they have been proven to be useful to study aggregation processes which happen through domain swapping, 50 which are oligomerization processes in which the secondary structure elements from different molecules interact in the same way as they do when stabilizing the monomeric structure.
In a previous article from our laboratory, we used a simple topology-based interaction potential and simulation model to show that the thermodynamic characteristics of the folding transition can be reasonably reproduced for a series of proteins. 18 We used the model to determine whether this transition is two state or it takes place without overcrossing a free-energy barrier. Consequently, in this manuscript we study how useful it may be to study the role of the thermodynamic characteristics of the folding transition in the protein aggregation process. Also, in our previous studies we found the possibility to modify the thermodynamic characteristics of the folding process by playing with the interaction potential, 17, 51 therefore changing the height of the freeenergy barrier, or inducing the presence of a thermodynamic intermediate along the folding process for a given folded structure. Hence, we employ this capabilities here to carry out a series of additional computer experiments which provide useful information about the different characteristics of a topology-based model, and can be therefore relevant to the study of the complex competition between protein folding and aggregation.
In the present work, a symmetrized topology-based potential 50 is employed to check whether a two-state transition is an effective thermodynamic mechanism to prevent aggregation, taking into account the possibility of a domain swapping mechanism created by the presence of a highly symmetrical native structure. We also consider alternative aggregation possibilities related to the population of intermediate states, depending on the two-state or downhill nature of the folding process. Moreover, in a second part of the work we also change the potential definition to induce for the same native structures different folding characteristics, including negligible free-energy barriers or the presence of thermodynamic intermediates between the folded and unfolded states. As we shall show, these facts can promote aggregation for the simulated systems, even with topology-based interaction potentials.
II. THE MODEL AND SIMULATION METHOD
The protein model used in this work is a coarse-grained model consisting in the representation of each residue by a single center of interaction. This center of interaction is located at the position of the ␣-carbon ͑C ␣ ͒ of the corresponding amino acid. Consecutive C ␣ beads are at a fixed distance of 3.8 Å, which is the distance at which these atoms lie in a trans peptide bond.
The interaction defined between the model units is mainly attractive. The only repulsive interaction present is a hard sphere repulsion between C ␣ beads. For the attractive part of the potential, two different interaction models have been used in this work. We have used a symmetrized topology-based potential to consider intra-and interchain interactions. In the first part of the work, this potential is completely based on the topology of the native state, that is, a symmetrized 100% Gō-type potential. The other model used in this work is a modification of this potential in which the local interactions are defined in a non-topology-based manner, by including a generic local interactions potential. This creates a more flexible protein backbone, something that can induce a folding process with different characteristics for individual chains, 17 increasing the possibilities for a high population of intermediate states.
A. Symmetrized 100% Gō-type potential
Essentially, this potential is an extension of a topologybased potential previously developed in our group. 17, 51 This extension has been made in the same way as Yang et al. 50 did to consider interchain interactions, and also used by other groups. 49 The functional form of this potential is
· ͑1͒
In this equation, a defines the width of the potential, for which a value of 0.7 Å has been proven to be appropriate in previous work. 51 r ij and d ij nat are the distances at which residues i and j are in a given configuration and in the native structure of the monomeric protein, respectively. In the present model, Eq. ͑1͒ is applied for both local and long range interactions.
In this work, local interactions are those that take place between residues i and i +2 ͑which we call "1-3 interactions"͒ and between i and i +3 ͑"1-4 interactions"͒. For 1-4 interactions, chirality is taken into account 51 to avoid the chain folding into the mirror image of the native structure. By using a sign for this distance based on the triple product of the three virtual bond vectors involved in its definition, we always get at lower temperatures the proper chirality of the simulated protein, for both the individual elements of secondary structure and the global topology of the fold.
Long range interactions take place between amino acids i and j Ն i + 4. Contrarily to local interactions, the attractive potential is not defined for all long range interactions. Inside every chain, only those pairs of residues that are considered to be forming a contact in the native state feel the attractive interaction defined in Eq. ͑1͒. In our study, two amino acids are considered to form a native contact if any pair of heavy atoms of these two residues is at a distance equal or less than 4.5 Å in the native structure.
To define the interchain energy, we consider that the interaction between chains is equivalent to that inside each molecule. This means that if beads i and j are forming a native contact in the monomeric protein, the attractive potential of Eq. ͑1͒ is also defined between residue i in one chain and residue j in the other, and vice versa. This is where the term "symmetrized potential" comes from. 50 Defining interchain interactions this way leads to the obtention of multiple chain contact maps for each multichain system, as those represented in Fig. 1 for two-chain systems of four different proteins ͑see below͒. In these contact maps, a black spot means that a native contact exists between residues i ͑abscissa͒ and j ͑ordinate͒, according to the definition above. For this pair of residues, then, the potential of Eq. ͑1͒ is applied along the simulation. For the rest of amino acid pairs with ͉i − j͉ Ն 4, u ij ͑r ij ͒ is always 0. The maps defined are formed by two types of blocks, separated by thin lines in Fig. 1 . The two identical main diagonal blocks correspond to the intrachain contacts, while the upper left and lower right blocks define the interchain contacts. It can be noticed that the interchain contact blocks are equivalent to the intrachain ones, excluding the local contacts ͑those in the block diagonal͒, which are excluded from the interchain interactions.
This way, a completely topology-based potential is extended to define the intermolecular interactions necessary to simulate the aggregation process. This intermolecular interaction scheme is clearly also a topology-based one, that is, native structure specific, something which limits, but not necessarily avoids, the possibility of aggregation. The thin crossing lines show the end of one chain and the beginning of the second one.
B. Generic local interactions potential
As it has been already said in Sec. I, the use of a pure topology-based potential may limit the possibilities of aggregation found by the model. To better consider the effect of a possibly different folding barrier, or the presence of thermodynamic intermediates along the folding process, one should normally consider a different protein, with a different folded structure, which could therefore influence the full process in a different way. In a computer simulation model, however, one can keep the same structure and modify the interaction characteristics to define a different folding transition, 17, 51 which can therefore change the aggregation possibilities. From our experience with coarse-grained topology-based models, in this part of the study we have modified the local interactions, maintaining the long range interactions, which are defined in the same way as in the pure topology-based potential.
In order to define local interactions so that the chains become more flexible ͑and less structure specific͒, we have analyzed the 1-3 and 1-4 distances between second and third neighbor C ␣ atoms along a protein sequence, in a database of 1590 proteins. In Fig. 2͑a͒ we can see the extracted histograms for these distances. The 1-4 distance histogram, h͑d ij 14 ͒, has nonzero values for negative distances, which shows the chirality we then introduce into the corresponding interaction. 51 These histograms allow us to calculate the local interaction potential as a statistic mean field potential, 52 by applying Boltzmann's law
where k B is the Boltzmann constant, T is the temperature, and h obs ͑r ij ͒ and h ref ͑r ij ͒ are the relative frequencies for the i-j residue pair to be at a distance around r ij in the database and in a reference state, respectively ͑with j = i +2 or j = i +3͒. Given that we are using this potential here just with the purpose of increasing flexibility, we consider that h ref ͑r ij ͒ is a constant so that using reduced units for the energy and temperature, the generic local interactions are calculated as
where c is a normalization constant. Using Eq. ͑3͒ and the histograms of Fig. 2͑a͒ we obtain the potentials represented in Fig. 2͑b͒ . As the distance histograms are discrete, the interactions are also discrete. The potential is defined for a distance interval corresponding to the distances allowed to the model, taking into account that the C ␣ − C ␣ distance in a trans peptide bond limits the maximum range, and the hard sphere radius ͑which is considered to be 4.2 Å in this work͒ limits the small distance values. Both local potentials show a narrow minimum at lower distances corresponding to helical motifs, and a second swallow minimum at higher distances, corresponding to extended local conformations ͓in the case of u͑d ij 14 ͒, this situation appears for both signs of the distance, according to our definition of chirality, although the minimum for helices is not symmetrical from positive to negative distances, taking into account the right-handed character of ␣-helices͔. Although this new contribution for the potential could be better defined in rigorous studies by a more adequate consideration of the reference state in Eq. ͑2͒, it is enough for our purposes here. It defines a local interaction potential independent on the native structure, with both helical and extended conformations allowed if this contribution were the only one present in the model. Therefore, it brings into the simulation model the larger flexibility for the backbone we were trying to define, with the consequences for both the folding and aggregation processes we will show below.
As stated before, the local potential of Fig. 2͑b͒ is defined only for 1-3 and 1-4 interactions, while long range interactions are still defined by Eq. ͑1͒, and only for those residue pairs forming a native contact, shown in the contact maps of Fig. 1 . 
C. Proteins studied
To carry out this study we have selected several proteins that have been experimentally found to fold in a two-state manner, as well as one protein that has been claimed to fold without a free-energy barrier ͑downhill folding͒. The corresponding schematic structures and contact maps are depicted in Fig. 1 . The barrierless folding protein 54 is the peripheral subunit binding domain from Escherichia coli's 2-oxoglutarate dehydrogenase multienzyme complex ͓termed 1BBL ͑Ref. 55͒ from its code in the protein data bank 56 ͑PDB͔͒. Simulations carried out in previous work with the topology-based potential also describe the folding transition of this protein as a downhill process. 18 Consequently, we have included this protein in this study to check whether the lack of a free-energy barrier along the folding transition thermodynamically favors aggregation.
In second place, we have included the E3BD F166W mutant ͑PDB code: 1W4E͒, which is a structural homolog of 1BBL and folds following a two-state transition both experimentally and with the 100% topology-based potential. 18, 57 Including this protein has allowed us to determine whether the results obtained for 1BBL are due to its general native structure or to the characteristics of the transition.
Finally, we have also included two other proteins that fold in a two-state manner. These are the immunoglobulin binding domain from Streptococcal protein G ͑PDB code: 2GB1͒ ͑Ref. 58͒ and the chymotrypsin inhibitor 2 ͑PDB code: 1YPB͒. 59 The folding process of these two proteins has also been previously studied using a pure topology-based potential, 18 providing results comparable to the experimental data and showing that this potential is successful in correctly describing their folding transition. For simplicity, from now on, we will refer to all these proteins through their PDB codes.
D. Simulation method
The simulation method employed in this study is a combination of the Monte Carlo method and a parallel tempering technique in which different replicas are simulated at different temperatures. 60, 61 Using a set of moves already defined, 51 this methodology has been proven to be efficient in sampling the conformations available to the polypeptide chain at the different temperatures simulated. Undesirable overlappings are checked for after each move and the energy is calculated with the same frequency. After that, the new conformation is accepted with a probability determined by a standard Metropolis test. 62 This methodology allows us to carry out simulations in a reasonable amount of time ͑and with a relatively reduced computational demand͒ along the whole temperature interval at which the folding and/or aggregation processes take place. Depending on the complexity of the system, the number of temperatures employed for each parallel tempering simulation ranges from 19 to 30. The simulations consist in an initial equilibration set of 3 ϫ 10 6 cycles, after which the productive 5 ϫ 10 6 cycles are carried out ͑at every temperature͒. Each individual cycle consists in attempting a movement of every bead of the system. After every 5000
Monte Carlo cycles, an exchange between the replicas at consecutive temperatures is attempted. Each simulation starts from a random conformation and the time required depends on the complexity of the system. The times employed for the simulations in this work in single processor machines range from approximately 1 h for single-chain systems of the smallest protein studied to 9 days for simulating two-chain systems of the largest protein considered in this work. The results presented here correspond to statistical averages over the sampling at every temperature and over different independent runs. For each system, five independent runs are carried out.
In order to obtain thermodynamic information from the results of the simulations, we have analyzed them using the weighted histogram analysis method ͑WHAM͒. [63] [64] [65] [66] [67] This method allows us to obtain thermodynamic information such as the heat capacity of the system, as well as free-energy profiles in one or two dimensions, as a function of different relevant magnitudes which may represent ad hoc reaction coordinates.
In the first part of this work we have simulated twochain systems of the presented proteins with the pure topology-based potential. The results obtained are compared to those already published for single-chain systems. 18 In the second part, using the modified local interaction potential described above, we have also simulated systems of one and two chains to induce different behaviors in the folding of single proteins and its possible aggregation.
Simulations of more than one chain are carried out inside a simulation box. The dimensions of this box control, in an approximate way, the concentration of the system. This concentration is fixed, for our two-chain systems, at 100 mg/mL, 30 which is a small value compared to the concentration of proteins inside the cell, but on the other hand it is a rather high value when it is compared to most experiments carried out in vitro. As we want to study aggregation, it is convenient to use a high concentration that, in principle, may favor this process. In order to solve any problem related to surface effects, we have applied periodic boundary conditions in the box using the minimum image convention and a cubic geometry. 62 In some particular cases, we have computed simulations at the same global concentration, with four chains in bigger simulations boxes. The computation time is significantly larger, but the qualitative conclusions are essentially the same as we obtain with two-chain systems. Therefore, although the use of only two chains is just an approximate way to consider the concentration effects, it provides an adequate working system for the type of study ͑the analysis of Gō-type potentials͒ we are carrying out in this project.
III. RESULTS AND DISCUSSION

A. Symmetrized 100% Gō-type potential
The folding characteristics of isolated chains of 1BBL, 1W4E, 2GB1, and 1YPB have already been studied with this potential in a previous work. 18 Comparing the results of the single-chain systems ͑which would correspond to the very low concentration regime͒ obtained in that previous work with the two-chain systems introduced here ͑at the concen-tration of 100 mg/mL mentioned above͒, we are able to study the effect of concentration on the thermodynamic characteristics of the folding transition. In order to do this, we calculate in first place the heat capacity at constant volume for each temperature. In Fig. 3 we compare the heat capacity curves as a function of temperature obtained for the twochain systems with the single-chain ones. The asterisk in the thermodynamic properties indicates the standard reduced units, which we use along this work. It can be seen that the increase in concentration mainly affects the shape of the heat capacity curve of 1BBL, while for 2GB1, 1W4E, and 1YPB it remains essentially the same. For 1BBL, a shoulder in the heat capacity curve becomes more pronounced at a temperature lower than the folding temperature. We consider that the folding temperature ͑T m ‫ء‬ ͒ is the temperature at which the heat capacity curve has an absolute maximum.
To further analyze possible changes in the thermodynamic characteristics of the folding transition, we have also calculated the free-energy profiles at T m ‫ء‬ , shown in Fig. 4 as a function of the energy per chain ͑to have a comparable scale in the simulations from different systems͒. At first sight, it could be thought that these free-energy profiles change in an important way for 1W4E, 2GB1, and 1YPB. For the singlechain systems, two free-energy minima appear: one at low energy, corresponding to the native state and another at higher energy values, corresponding to the unfolded state, both in equilibrium at the folding temperature T m ‫ء‬ . In the two-chain systems, an extra free-energy minimum appears for intermediate energy values. Although it may be thought that it corresponds to a thermodynamic folding intermediate, the lack of a second peak in the heat capacity curves rules out this possibility. As a matter of fact, the intermediate energy of the central peak is induced by the use of the energy per chain in the abscissa of Fig. 4 . Visual inspection of the trajectories shows that for the energy values of this minimum the configurations that appear consist in one chain folded and the other denatured. Consequently, it corresponds to the folding of a single chain and it is separated from the unfolded state by a free-energy barrier. It can be said, thus, that the folding remains being two-state. Furthermore, the freeenergy profile of 1BBL, which is the only downhill folder of the set, does not change in a significant way either. Therefore, it can be said that the higher concentration ͑at least at the level of two-chain systems͒ does not affect the general thermodynamic characteristics of the transitions when the pure topology-based potential is employed.
As no important thermodynamic changes are observed, it is reasonable to expect that no aggregation takes place and that each molecule acquires the native state at low temperature. The average values of the root mean square displacement ͑rmsd͒ between the simulated conformations at this low temperature and the native structure should be, thus, quite small. In Table I rmsd values for the two-chain systems at this temperature are almost identical to the results obtained from single-chain simulations. Both sets of values become lower when the temperature is further reduced ͑data not shown͒ and the structural fluctuations become less pronounced. Therefore, we can conclude that folding of individual chains is the predominant process also in the concentrated systems. These results are an inevitable consequence of the potential properties. Pure topology-based potentials define such minimally frustrated systems that the acquisition of the native state is unavoidable. Although at low temperatures the two chains interact with each other, they are in the native state. We do not consider these associated structures as strict aggregates. There is an intrinsic propensity to create as much native contacts as possible at low temperatures, in order to maximize the number of favorable interactions, and this fact produces a certain association of the molecules, but this does not imply a loss in the native structure of the monomeric proteins.
However, the fact that folding is the most favorable process does not exclude the possibility of a certain competition between folding and aggregation. In fact, some experimental studies on 1YPB show a certain extent of aggregate formation as energy traps along the folding process of this protein. 27 Neither the heat capacity curves nor the free-energy profiles in Figs. 3 and 4 give any evident information about the possible competition between protein folding and aggregation. Furthermore, the free-energy profiles in Fig. 4 do not provide an explanation for the difference between the heat capacity curves of the one-and two-chain systems of 1BBL shown in Fig. 3 . Therefore, it is necessary to get further information about the thermodynamics of the processes observed. For this aim, we have calculated the free energy of the system as a function of the number of inter-and intrachain native contacts. This way, we can get thermodynamic information about the possible aggregation ͑indicated by the interchain contacts͒ versus the folding process ͑marked by the number of intrachain contacts͒.
First, we have calculated the free-energy bidimensional maps for 1BBL at T m ‫ء‬ and at the temperature at which the heat capacity has a shoulder ͑T s ‫ء‬ Ͻ T m ‫ء‬ ͒ so that we can explain why a second transition appears. These maps are represented in Fig. 5 , where a darker color means that the free energy is lower. In the same figure, the long range intrachain native contact histograms, calculated for the single-chain system at the same temperature, are also represented, in order to stress out the influence of the interchain interactions. It can be seen that, at both temperatures, the number of intrachain native contacts is comparable for the one and twochain systems. It means that the degree of native structure acquired at this temperature is broadly the same in both cases ͑for 1BBL, the number of long range native contacts with our model is 39͒. On the other hand, at T s ‫ء‬ the free-energy minimum extends to a number of intermolecular "native" contacts higher than at T m ‫ء‬ . This wider reach is indicative of the association of the two chains present in the system. We have already shown that, at low temperatures, 1BBL reaches its native state. However, at the temperature of the heat capacity shoulder there is a significant degree of intermolecular interactions, induced by the use of the symmetrized potential. What happens is that folding of both chains and intermolecular association are simultaneous processes: The two chains inside the simulation box fold while interacting with each other. This fact is clearly favored by the downhill nature of the folding process for 1BBL, which at this temperature presents a high population of partially folded structures, with the possibility to define a considerable number of intrachain contacts. Although we do not consider that these chains are just aggregating, it is important to point out that this association along the folding process produces something that resembles a second structural and thermodynamic transition, which is shown by the shoulder in the heat capacity curve. This second transition does not appear for 1W4E, 2GB1, and 1YPB. The main difference between these proteins and 1BBL is that the latter folds in a downhill manner. For the other three proteins, neither folded proteins nor fully unfolded ones, present at the transition temperature, can form a significant number of interchain contacts at this temperature. Consequently, it can be stated that the lack of a free-energy barrier in the protein folding process thermodynamically favors in some way the process of intermolecular association. When we analyze in the same way the transitions of 1W4E, 2GB1, and 1YPB, using the free-energy maps ͑Fig. 6͒, it can be seen that different free-energy minima appear for different values of inter-and intramolecular long range native contacts. The three lowest free-energy minima that appear for low intermolecular ͑n inter ͒ contacts correspond to the unfolded state ͑at a low value of n intra ͒, the two chains folded ͑high value of n intra ͒ and one chain denatured and the other one in the native state ͑intermediate value of n intra ͒, in all the cases without contacts between the two chains of the system. However, a fourth ͑and even a fifth for 1YPB͒ minimum appears at higher values of the free energy in the maps of Fig. 6 for significant values of n inter , and values of n intra , which do not correspond to fully folded monomers. This would again imply a certain population of associated or aggregated states at the transition temperature.
In the case of 1W4E, this state shows a number of intermolecular contacts relatively small compared to the ones of 2GB1 and 1YPB, and its free-energy value is higher. Furthermore, it appears for very low values of intrachain contacts, indicating that the two chains have a low degree of native structure formed. This free-energy minimum includes therefore conformations in which the chains are mostly unfolded, and the unstructured chains occasionally interact with each other in an unspecific way.
For 2GB1 and 1YPB, the extra free-energy minima appear at significant higher values of intermolecular contacts, and the minimum is rather deep. Moreover, the value of intrachain contacts is comparable to the complete folding of a single chain. By visual inspection of the conformations along the simulated trajectories with these values of n inter and n intra , we can establish that they correspond to aggregates formed by domain swapping so that the total number of native intrachain contacts is equivalent to ͑or only slightly less than͒ a single molecule in the native state. In a domain swapped dimer, the interactions that exist between two secondary structure elements in the monomer take place between the same secondary structure elements but from different molecules. A schematic representative view of these configurations for the two-chain systems is also shown in Fig. 6 . For 1YPB, another free-energy minimum appears for lower values of both inter-and intrachain contacts. In this case, domain swapping also happens, but to a lesser extent.
The average rmsd values at low temperature in Table I show that folding of the monomeric structures is the predominant process at low temperatures. However, the results discussed on the previous paragraph show that there is a certain competition between protein folding and aggregation along the process, which agrees with the results of Silow et al. 27 For 2GB1 and 1YPB, domain swapping is a favorable aggregation mechanism, at least in a certain temperature range of our simulations, while it is not so for 1W4E. Experimentally, some dimers 68, 69 and even tetramers 70 have been found for some mutants of 2GB1. Although the dimer found here is not structurally the same as the one found experimentally, the fact that domain swapped dimers appear for this protein with a pure topology-based interaction potential shows that there is a relationship between the topology of the native structure of a protein and its intrinsic tendency to form this kind of aggregates. Furthermore, with the 100% Gō-type potential, domain swapped tetramers are also formed along the folding transition in preliminary simulations of four-chain systems ͑results not shown͒. These tetramers do not appear for the other three proteins. 2GB1 has thus a higher tendency toward domain swapping, which can be explained by its native high structural symmetry, with two very similar ␤-hairpins which can form a four-stranded ␤-sheet with fragments corresponding to the same or two different chains ͑see Figs. 1 and 6͒. Domain swapped dimers are also formed in our model for 1YPB but not for 1W4E. The main structural characteristic that differentiates 1W4E from 2GB1 and 1YPB is that the former lacks ␤-type secondary structure, while 2GB1 and 1YPB have an important proportion of ␤-structure in their native states. Then, our results suggest that the presence of ␤-structure in the native structure of a protein favors domain swapping. This might be related to the fact that amyloids are mainly formed by this type of secondary structure elements, 46, 47 given its probably easier packing possibilities. Of course, the formation of backbone hydrogen bonds is a main responsible for the stability of this type of structures, but they are not explicitly considered in topology-based models.
As a conclusion of this first set of calculations, we can say that a pure topology-based potential can give us valuable information about the competence between protein folding and aggregation. However, this potential is not completely appropriate to study the aggregation transition itself, as its characteristics prevent the system from aggregation and make folding an unavoidable process at low temperatures.
B. Generic local interactions potential
In this section, we show the results for the model in which we have kept the interactions based on the native contacts for long range interactions, but have used the generic ones for local interactions. Since our aim by introducing these interactions is to modify the type of folding transition, we have first simulated single-chain systems of the same four proteins already studied in the previous section with a 100% Gō-type potential. These single-chain systems also give us a reference to understand the effect of protein concentration on further simulations.
We start thus by computing the heat capacity curves for diluted systems simulated with the new generic local interactions, shown as the dashed lines in Fig. 7 . The four proteins show broader transitions with this model ͑as shown by the temperature scale in comparison with the graphs of Fig. 3͒ , something indicative of less cooperative processes. It can be realized that while 1BBL and 1W4E still keep a unique transition ͑one peak͒ for these single-chain simulations, 2GB1 and 1YPB have two maxima in the heat capacity, indicating a more complex folding process with a stable intermediate, and therefore two different structural and energetic transitions. Experimentally, no thermodynamic intermediates have been detected for these proteins. 59, 71 However, this artificially induced behavior allows us, as planned, to determine whether the presence of a folding intermediate is a relevant factor in protein aggregation, independently of the folded topology. For the proteins 2GB1 and 1YPB, the intermediates show a reasonably formed beta structure, with a poorly formed or absent helical region ͑see below͒. Therefore, for these two structures the high temperature peak in the heat capacity curves corresponds to the transition between the unfolded state and the intermediate, while the lower temperature peak marks the transition between the intermediate and the fully native state.
Obviously, we need to be certain that the new potential is able to get to the native structure of each protein at sufficiently low temperatures. For that aim, we have calculated again the average rmsd values of the structures resulting from the simulations at a low temperature with respect to the native structure. The temperature used, as in the previous interaction model, is T str ‫ء‬ = 0.75 T m ‫ء‬ for 1BBL and 1W4E and T str ‫ء‬ = 0.75 T 1 ‫ء‬ for 2GB1 and 1YPB ͑T 1 ‫ء‬ being the lowest temperature at which a heat capacity maximum appears͒. The results can be seen and compared to the same values obtained with the 100% Gō-type potential in Table I . It can be noticed that the average rmsd values are higher for the modified potential, and that this difference is larger for 1BBL and 1W4E. These two proteins get to higher values of rmsd at T str ‫ء‬ because the proportion of local contacts in their native structure is higher than 50% ͑see Ref. 18͒. As local interactions are described in a less structure-specific way with the new interaction scheme, the secondary structure elements are not as well defined as the tertiary structure ͑which is determined by long range contacts͒. The global structure at T str ‫ء‬ for these proteins is thus slightly less nativelike, with larger structural fluctuations. However, even though the average rmsd values are higher than in the pure Gō-type model, the average tertiary structure obtained at this temperature with generic local interactions is still quite nativelike, and at even lower temperatures the native state is unequivocally acquired.
To completely characterize the performance of the modified potential for single-chain systems, we have calculated the free-energy profiles at T m ‫ء‬ . From these profiles, shown in Fig. 8 , it can be concluded that the transition of 1BBL, 2GB1, and 1YPB with the new model is now clearly downhill, as we wished when we introduced the new potential. For 1W4E the profile has two minima separated by a very small free-energy barrier, which is much less with this potential than with the pure topology-based one ͑see Fig. 4͒ . These modifications in the thermodynamic characteristics of the folding transitions for the studied proteins can be explained by the increase in flexibility introduced when modifying the local interactions. In previous work, 17 we observed that an important increase in local flexibility produces a decrease in folding cooperativity, and it can also explain the appearance of folding intermediates with topology-based models when the long range interactions create regions in the structure more stable than others. 17, 51 In the proteins where an intermediate appears, the free-energy profiles at the lower transition temperature T 1 ‫ء‬ also show a very small barrier. Once we have established how this generic local potential works, we can compare the results obtained for the onechain systems to those obtained when we carry out simulations at higher concentration ͑two-chain systems͒.
In the solid line curves of Fig. 7 it can be seen that the higher concentration has an important effect on the transition thermodynamics, as the heat capacity curves change substantially for 1BBL, 2GB1, and 1YPB. For 1BBL a second peak appears at a temperature higher than the folding transition of the diluted system. The lower temperature peaks in the curves for 2GB1 and 1YPB are significantly smaller than for the single-chain simulations.
The changes in the heat capacity properties for 2GB1 and 1YPB are caused by the presence of the thermodynamic intermediate. When additional chains are present, this intermediate is affected by intermolecular interactions so that the transition at lower temperature, leading in dilute systems with these interactions to the native state, is in some way impeded. By characterizing the average structure of the configurations that appear at the intermediate temperature between the two heat capacity maxima, we are able to analyze the changes that are produced by the presence of another molecule. To carry out the structural analysis of these configurations, we have calculated the frequency of native contacts, i.e., the relative number of conformations at the desired intermediate temperature in which a given native contact is formed. These results are represented as a frequency map in Fig. 9 for the two proteins with stable intermediates in the new interaction model. In these maps, a darker color means that the contact between residues i ͑abscissa͒ and j ͑ordinate͒ is present in a higher number of conformations at this temperature. In the diagonal blocks, the upper left triangles ͑a in the figure͒ show the frequency of intrachain native contacts for the two-chain systems; the off-diagonal block b shows the frequency of the interchain contacts in these concentrated systems; finally the lower right triangles in the main diagonal blocks ͑c͒ correspond to the results from one-chain simulations, where only intrachain contacts appear. Due to the flexibility of the amino acid chain model with local generic interactions, the folding intermediate appearing in single-chain simulations is reasonably compact but with the helical secondary structure poorly formed: long range contacts are formed with higher frequency than local contacts, which favors the appearance of the ␤-structure, although it is not as perfectly defined as in the native state of the monomeric proteins ͑see Fig. 1͒ . When the concentration is increased, the frequency of the long range contacts for each chain ͑a triangles͒ is slightly reduced and we can observe that some intermolecular contacts ͑b block͒ have a significant frequency of formation. The interchain contacts that appear more frequently in the concentrated system mainly correspond to ␤-regions, and involve the same secondary structure elements present in the isolated chain systems, but they are formed now by equivalent elements coming from different chains. This is easily seen in the contacts at the left upper corner of block b in the map for 2GB1, which correspond to the contacts between the two ␤-hairpins of the structure, and which have disappeared from the intrachain contact blocks a. This is again a clear indicative of a domain swapping mechanism. The presence of the stable intermediate favors this mechanism, since the ␤-hairpins already formed are somehow free to be swapped among the chains, as they are not well packed yet at this temperature against the helical fragment. A representative schematic cartoon showing the general characteristics of these domain swapping aggregates are sown in the lower right block of every map. The interchain contact frequency is lower for 1YPB than for 2GB1, showing that the latter has a higher tendency to form domain swapped dimers, as we have already seen. We consider this to be the reason why the peak at lower temperature in the heat capacity curve for this protein is more affected by the increase in protein concentration. Our simulation results show that there is an equilibrium at this temperature between the thermodynamic folding intermediate and some domain swapped dimers. The stabilization of the thermodynamic intermediates by this aggregation process reduces the possibility of the transition toward the folded state. The higher flexibility of the chain caused by the modifications in the local interactions may be perhaps compared to some 2GB1 mutations that have been experimentally found to produce the appearance of folding intermediates and domain swapping aggregation. 68, 69 The effects that the presence of a second molecule has on the thermodynamic transition of 1BBL are qualitatively similar: when the concentration increases, a second heat capacity peak appears at a higher temperature, as shown in Fig. 7 . This additional transition can only be due to interchain interactions and, thus, it also corresponds to some sort of aggregation process. To verify this affirmation, we have also analyzed the average structure at the temperature intermediate between the peak and the shoulder in the heat capacity curves of the two-chain system. In Fig. 10 we compare the native contact frequency maps obtained for this system to the equivalent maps for the single-chain one. The frequency of intrachain contacts is comparable in both systems ͑triangles a and c͒. This means that the average tertiary structure acquired in the two-chain system at this temperature is about the same as in the single-chain system, given the high population of states with partially folded structures at this temperature. Additionally, the frequency of interchain contacts ͑b block͒ has significant values for native contacts which are equivalent ͑although not symmetrized͒ to those found in single-chain systems, which means that there is a significant degree of intermolecular association, and proves our previous statement that the higher temperature transition is due to intermolecular interactions.
To get further information about the thermodynamic and structural features of the transitions observed, we have also calculated from the trajectories with generic local interactions the free-energy maps as a function of the inter-and intrachain native contacts. These maps, computed at each temperature where a transition appears according to the heat capacity curves, help us to understand the thermodynamic characteristics of the competition between protein folding and aggregation. As before, these free-energy maps, represented in Fig. 11 , are compared to the intrachain native contact histograms for the one-chain systems at the same temperature. This has allowed us to explain the changes observed for the different proteins when protein concentration increases.
In the case of 1BBL, at both temperatures the average number of native intrachain contacts formed is comparable for the two systems. This means, again, that the folding transition takes place in the same way and to the same degree at these temperatures for both concentrations. Nevertheless, there is an important number of interchain contacts formed at T m ‫ء‬ ͑again, we consider that the temperature at which the heat capacity presents an absolute maximum is T m ‫ء‬ for the concentrated systems͒. At a lower temperature, the number of intermolecular contacts formed is even higher, and clearly more than in the simulations with the pure Gō-type potential ͑see Fig. 5͒ . These results show that for this protein and with this potential, intermolecular interactions are now highly favored. The lack of a free-energy barrier is one of the reasons why intermolecular association takes place, but also the higher flexibility of the chain contributes to this fact. Although 1W4E is a structural homolog of 1BBL, its tertiary structure is much more compact, which makes its transition more cooperative. 18 However, due to the flexibility caused by the use of generic local interactions, the freeenergy barrier of the folding process is very small ͑see Fig. 8͒ , or even disappears in the concentrated system. Therefore, the population of states with energy and structure intermediate between the native and the unfolded state is far from negligible ͑as the native contact histograms for the onechain system in Fig. 11 clearly show͒. Consequently, these intermediate states can interact with each other when the concentration is increased so that they become more stable and the free-barrier disappears. These aggregates have a freeenergy comparable to the folded state of the individual chains, which would explain why a second transition is not observed at lower temperatures in the heat capacity curve for 1W4E in the two-chain system. For this protein, however, the association between the two chains happens in a lesser extent than in the three other cases considered. This is probably due to the fact that the two helices of the structure, which could be probably swapped between different chains to form a dimer, are not well formed at these intermediate temperatures due to the backbone flexibility imposed by the local generic interactions. Finally, we analyze the effects observed for 2GB1 and 1YPB, which are similar to each other. From the maps in Fig. 11 it can be concluded that at T m ‫ء‬ there exists an important competence between protein folding and aggregation. The free-energy maps show, at this temperature, a large freeenergy minimum for a quite small number of native intrachain contacts, and that spans from a low to a rather high number of intermolecular interactions. At this temperature, an important process of intermolecular association takes place, which reasserts the conclusions made from the heat capacity curves and the folding intermediate structures. At the lower temperature T 1 ‫ء‬ , there are two differentiated minima. One of them appears for an intrachain contact number more or less comparable to the single-chain system, while the other corresponds to configurations with a lower number of intrachain contacts ͑as that in T m ‫ء‬ ͒ and a really high number of interchain ones. Given the number of total contacts developed, the former must correspond to collapsed structures; due to the flexibility of the chains, the number of native contacts can be maximized by producing as much inter-and intrachain contacts as possible. The structure acquired by the chains in these conformations is a slightly deformed version of the native structure, with some interchain contacts made possible by the symmetry of its ␤ fragments. On the other hand, the more important free-energy minimum appearing with a lower number of native intrachain contacts comprises conformations with a strong intermolecular interaction ͑many interchain contacts are formed͒. These conformations are dimers which interact in different ways, including clearly recognizable domain swapped dimers through the interchange of ␤-hairpins involving the structures of the thermodynamic intermediates mentioned above ͑as those represented in Fig. 9͒ , together with other, less specific, structures. As a matter of fact, the free-energy maps in Fig. 11 quite closely resemble those obtained for a different protein ͑SH3͒ in molecular dynamics simulations with the first proposed symmetrized topology-based potential ͑see Fig. 5 in Ref. 50͒ .
As a conclusion, we can say that a more generic definition of the local interactions creates, as wished in our design of these numerical experiments, barrierless folding transitions and, for some of the structures, high population intermediates along the folding process. All these facts result in an important competition between protein folding and aggregation. With the 100% Gō-type potential, this competition also exists, although it is limited to a narrow regime of temperatures around the folding transition, and the folded structure is always stable at low temperatures. With the modified potential the effects of a higher concentration are stronger: The heat capacity curves substantially change when a second chain is considered and the free-energy minima corresponding to aggregated states in Fig. 11 have a comparable depth to, sometimes even larger than, the folded state minima. Therefore, it is reasonable to think that, with this potential, not only the native state but also aggregates will appear at low temperatures. Calculating the average rmsd from the conformations simulated at low temperatures may show whether this hypothesis is true. In Table I , the average rmsd values for every single chain in the simulations at T str ‫ء‬ = 0.75 T m ‫ء‬ are shown. In all the cases, the average values of rmsd in the last column have a higher value than the one-chain system. The only exception is 1W4E, where the values are comparable; as we have seen, for this protein the extent of association is less than for the other proteins studied. At this temperature, also, the high statistical deviations of the average rmsd values for 2GB1 and 1YPB imply that the outcome of the simulation involves not only separated folded monomers, but also ͑and with a higher population͒ a set of aggregated dimers where the individual chains present important deviations from the native structure. For 1BBL and 1W4E, these aggregates are mainly formed with each chain opened with respect to its native state, which allows the pres- ͑Color͒ Free-energy maps as a function of the number of inter-͑n inter ͒ and intrachain ͑n intra ͒ long range native contacts for the four proteins studied. These maps correspond to the simulations carried out using generic local interactions at the temperatures at which the heat capacity has a peak. When two peaks appear, T m ‫ء‬ represents the temperature of the absolute maximum, and T 1 ‫ء‬ is the ͑lower͒ temperature of the second peak. The legend shows the free-energy scale ͑in reduced units͒. Below every free-energy map, the intrachain long range native contact histograms, h͑n intra ͒, from the single-chain simulations at the same temperature and with the same interaction model are shown.
ence of long range interactions between them. The aggregates present at low temperatures for 2GB1 and 1YPB are frequently domain swapped dimers.
IV. CONCLUSIONS
In this work we have applied a topology-based potential to the simulation of two-chain systems and compared the results with those previously obtained for single-chain simulations of protein folding. This first part of the work has allowed us to establish the validity of topology-based potentials for studying certain aspects in the process of protein aggregation. The results obtained show that the presence of a free-energy barrier between the native and the unfolded states usually helps to thermodynamically prevent proteins from aggregation. Even though the formation of the most stable ͑by definition͒ native structure is the most favored process with this potential, for the downhill folding protein included in this study ͑1BBL͒ the association between the two chains simulated also takes place along with protein folding. Furthermore, this potential is able to reproduce the competition between protein folding and aggregation that has been observed for some two-state folders, 27 as shown in the free-energy maps of Fig. 6 . These results demonstrate that a relationship exists between the principle of minimal frustration and aggregation, at least when the folded structure shows a high symmetry. 50 This relationship is manifested by the higher tendency to domain swapping for 2GB1 and 1YPB, which is in agreement with experimental results for 2GB1. [68] [69] [70] For 1W4E, this tendency is lower, which can be structurally explained by the lack of ␤-strands in its native state, this being the main structural difference with 2GB1 and 1YPB. It has been stated that amyloid fibrils are mainly formed by ␤-strands. 46, 47 This could be partly explained by an intrinsic tendency of these structural elements to interact with each other, additional to the possibility of formation of hydrogen bonds, which is not explicitly included in the interaction models used in this work.
However, with these models the native structure is always obtained at sufficiently low temperatures, what means that pure topology-based models do not allow to fairly study the competition between folding and aggregation. As a first, very simple correction for this situation, we have modified the local interactions so that they are defined in a more generic way, while long range interactions continue to be based on the native structure. Although the modified potential does not describe the experimental folding transitions of the studied proteins properly, it has allowed us to reduce or completely eliminate the folding barriers, or to create folding intermediates, for the same protein structures, and therefore to analyze their influence on the propensity toward aggregation.
Using this modified potential, a thermodynamic intermediate appears for 2GB1 and 1YPB. We have checked that these intermediates clearly promote the formation of aggregated states when the protein concentration increases since the intermediate favors the interchange of ␤-hairpins among different chains, and this domain swapping mechanism provides an additional stabilization for the intermediates. On the other hand, for 1W4E or 1BBL no intermediate with a defined structure appears, but the free-energy barrier for the folding transition becomes ͑or already was͒ very small. Because of this, the population of states with intermediate structure and energy between the native and the unfolded state is also quite relevant. When the concentration is increased, these intermediate states are again stabilized by interaction with each other.
These results point out the relevance of a relatively high population of folding intermediates ͑thermodynamic or not͒ in the aggregation process. 69 Also, they make it clear that a free-energy barrier helps to thermodynamically prevent aggregation, 29 as long as this barrier is high enough to make the population of intermediate states negligible, that is, as long as the transition is cooperative enough. 23 We have to acknowledge that our results, being a pure thermodynamic and structural analysis of Monte Carlo simulations, lack the time scale necessary to provide dynamic information about the process. As said in Sec. I, protein folding pathways with small or negligible free-energy barriers could be so fast that aggregation would be made very difficult due to kinetic reasons. Our results suggest that it may be interesting to check whether this fast folding mechanism still holds in a high concentration regime. In these conditions, the presence of a large protein concentration might lead the high population of different intermediate structures toward the formation of complex aggregates, through a slower transition mechanism. Some very recent results on simple models seem to indicate this is indeed the case. 
